The early proximal tubule preferentially reabsorbs organic solutes and bicarbonate over chloride ions resulting in a luminal fluid with a higher chloride concentration than that in blood. cm/sec, p<0.01). Neonatal PST have higher P Na /P Cl and P HCO3 /P Cl ratios than adult PST. However, mannitol and sucrose permeabilities were not different in adult proximal tubules and neonatal PST. The transepithelial resistance was measured using current injection and cable analysis. The resistance was 2 6.7 + 0.7 Ω•cm 2 in adult tubules and 11.3 + 1.4 Ω•cm 2 in neonatal proximal straight tubules (p<0.01). In conclusion, there are significant maturational changes in the characteristics of the PST paracellular pathway affecting transport in this nephron segment.
INTRODUCTION
The early proximal tubule preferentially reabsorbs glucose, amino acids and bicarbonate over chloride ions (18, 25) . This leaves the luminal fluid in the late proximal tubule with a lower bicarbonate concentration and higher chloride concentration than that in the peritubular plasma (18, 25) . In proximal tubules perfused with a high chloride-low bicarbonate solution without organic solutes simulating late proximal tubular fluid, approximately half of NaCl transport is active and transcellular, and half is passive and paracellular (3, 4, 29, 30) . Active NaCl transport is mediated by the parallel operation of the Na + /H + exchanger and a Cl − /base exchangers (3, 29) .
Passive Cl transport is mediated by passive diffusion of chloride down its electrochemical gradient across the paracellular pathway (1, 4, 16) . The magnitude of passive chloride transport is not only dependent on the chloride concentration gradient that develops by the late proximal tubule but also the permeability properties of the paracellular pathway. We have recently compared the rates of volume absorption in neonatal and adult proximal straight tubules (PST) perfused with a high-chloride solution simulating late proximal tubular fluid and bathed in a serum-like albumin solution (29, 30) .
The rate of volume absorption was higher in adult proximal straight tubules than those in neonatal tubules (29, 30) . The rate of volume absorption in adult proximal straight tubules was also higher when active transport was inhibited with bath ouabain (29, 30) . The higher rate of passive volume absorption in adult proximal straight tubules than in neonatal tubules was consistent with a maturational change in the paracellular pathway that may affect net chloride transport in this segment. The purpose of the present study was to directly determine if there are developmental changes in the proximal straight tubule (PST) paracellular pathway that impacts passive chloride transport.
METHODS

Animals:
Pregnant New Zealand White rabbits arrived at our institution at least four days prior to their expected date of delivery. Neonatal rabbits were cared for by their mothers and were studied between 17 and 22 days of age.
Adult animals were at least eight weeks of age.
In vitro microperfusion flux studies:
Isolated segments of superficial PST were perfused as previously described (4, 5, 29, 30 alanine at 5 nl/min. The chloride concentration in the initial luminal and collected fluid were measured using the microtitration method of Ramsay (24) and net chloride flux was determined.
Measurement of neonatal and adult chloride permeability and transport in PST:
In the second series of experiments we examined net chloride flux and chloride permeability in PST from neonatal and adult rabbits. The chloride concentrations were measured to determine the net passive chloride flux and chloride permeability. Net passive chloride flux was determined using the following equation:
From the passive chloride flux, the chloride permeability was calculated using the following equation (1):
where DF Cl , the driving force for Cl, is defined as:
is the mean luminal chloride concentration, and
is the mean chloride concentration where C B is the bath chloride concentration. ∆V is the transepithelial potential difference, F is the Faraday constant, T is the temperature in Kelvin and R is the gas constant.
J act was zero in these studies since tubules were cooled to 20 o C.
There were at least three measurements of each parameter in each period. The mean rate of volume absorption or measurement of solute flux was used as the rate for that tubule. The Student's t test was used to determine statistical significance.
Measurement of Mannitol and Sucrose Permeability in Neonatal and Adult
PST:
In the next series of experiments we measured mannitol and sucrose permeabilities (P mann ) and (P sucrose ) in neonatal and adult PST. PST were perfused with a solution containing (in mM) 10 mannitol (or 10 sucrose), 110 for the tubular radius. P sucrose was measured in adult and neonatal PST in the exact same fashion as P mann . In the experiments where P sucrose was determined, perfused and collected bicarbonate were measured so that the bicarbonate permeability could be determined using the same formulas as that for chloride. Bicarbonate was measured using a picapnotherm (WPI, New Haven, Conn).
Measurement of PNa/PCl and PHCO3/PCl:
In the next series of experiments we measured the relative sodium to chloride permeability (P Na /P Cl ) and bicarbonate to chloride permeabilities (P HCO3 /P Cl ) in neonatal and adult proximal straight tubules. Tubules were perfused with the ultrafiltrate-like solution shown in Table 1 and bathed in an ultrafiltrate-like solution at 37 o C. P Na /P Cl and P HCO3 /P Cl were calculated from the passive transepithelial potential difference due to ion concentration gradients as previously described (6, 13, 31) . After incubation with the ultrafiltrate-like solution, the bathing solution was changed to the NaCl dilution solution and the transepithelial potential difference was measured.
The bathing solution was then changed to a sodium bicarbonate dilution solution and the transepithelial potential difference was measured. All bathing solutions contained 10 -5 M ouabain to inhibit any transepithelial potential difference generated from active transport. The composition of the bathing and luminal solutions were shown in Table 1 . The transepithelial potential difference was corrected for the small liquid junction potentials due to asymmetrical luminal and bath solutions as described by Berry and Rector (6).
The P Na /P Cl and P HCO3 /P Cl were calculated from the transepithelial potential differences generated from the imposed ion concentration gradients using the Goldman equation (12).
( )
The specific resistance (R m ) was measured as described by Berry (7).
Briefly, PST from adult and neonatal New Zealand white rabbits were perfused and bathed with Hank's solution at 37° C. Tubules were perfused with a double-barreled pipette made from theta glass (Hilgenberg Glass Co., Hilgenberg, Germany). One barrel of the pipette was used to measure the potential difference at the perfusion end (PD 0 ) while the other barrel was used to pass current (30-60 nA) using a Grass S44 stimulator (Grass Cable analysis (7, 17, 19) was used to calculate the length constant (λ, micrometers), input resistance (R i , ohms), transepithelial resistance (R T , ohm centimeter), and the specific resistance (R m , ohm centimeter 2 ) according to the following equations: Mannitol is a sugar that is not actively transported and is not metabolized.
The results of these experiments are shown in Figure 2 . As can be seen, both the P Na /P Cl and P HCO3 /P Cl were significantly lower in adult than in neonatal PST. Adult proximal tubules were more permeable to chloride than to sodium ions while the relative permeability of the neonatal PST was not different from one. In both the neonatal and adult PST chloride was more permeable than bicarbonate ions.
However, the relative permeability of bicarbonate to chloride ions was greater in the neonate.
In the final series of experiments, we examined whether there was a maturational change in transepithelial resistance. These results are shown in Figure 5 . The transepithelial resistance was 6.7 + 0.7 in adult tubules and 11.3 + 1.4 Ω•cm 2 in neonatal proximal straight tubules, respectively (p<0.01).
Thus there is a maturational decrease in transepithelial resistance in this segment.
DISCUSSION
The present study examined the passive permeability properties of the neonatal PST. In comparison to adult PST, neonatal proximal straight tubules have a lower rate of passive chloride transport due to a lower permeability of the PST to chloride ions. Bicarbonate permeability was also less in the neonatal PST than the adult PST. The P Na/ P Cl and P HCO3/ P Cl were both greater in neonatal than in adult PST. The transepithelial resistance was significantly higher in neonatal PST than adult PST. However, there were no differences in the mannitol and sucrose permeabilities between neonatal and adult PST.
As with the mature kidney, the neonatal kidney must reclaim the vast majority of the filtered chloride. We have recently examined the relative rates of volume absorption from a high chloride perfusate simulating late proximal tubular fluid (29, 30) . The rate of volume absorption was greater in adult tubules in the presence and absence of active transport (29, 30) . Active NaCl transport in this segment is mediated by the parallel operations of luminal Na + /H + and a Cl -/OH -exchangers in both the adult and neonatal segment (29) . There was approximately a five-fold increase in both the rate of Na + /H + and a Cl -/OH -exchanger activity during postnatal development of the rabbit PST, which accounts for the maturational increase in active NaCl transport in this segment. The present study directly demonstrates that the lower rate of passive volume absorption in neonatal tubules was due to lower chloride permeability resulting in a lower rate of passive paracellular chloride transport.
Maturational changes in passive transport have received little attention. In a previous study, Kaskel et al. injected sucrose, creatinine and mannitol into early proximal tubules of neonatal and adult guinea pigs and measured the urinary recovery from the ipsilateral kidney (15) . While urinary recovery of sucrose and creatinine did not vary with age and were comparable to inulin, mannitol recovery increased from 92% at 1 day of age to 100% at 49 days of age. While these studies were indirect and assessed mannitol absorption along the entire nephron, these data were consistent with a maturational decrease in paracellular pathway permeability to small molecules such as mannitol. In addition, Horster and Larsson found that there was passage of microperoxidase into the intercellular spaces of rabbit proximal tubules perfused under a transtubular hydrostatic pressure of 20 cm H 2 0 (14). However, this study did not find differences in the appearance in the lateral cellular spaces and tight junctions between neonatal and adult rabbit proximal tubules when examined using electron microscopy.
Our data seem to be at variance with these previous findings. We found that the neonate had a lower permeability to chloride and bicarbonate and a higher transepithelial resistance. There was no difference in PST mannitol and sucrose permeabilities in our study. The difference between our findings and previous studies may reflect a difference in techniques used to assess paracellular permeability. It is also possible that the maturational changes in permeability predominantly affects anions such as chloride and bicarbonate. However, it should be noted that the present study directly measured chloride and bicarbonate permeabilities and proximal straight tubule resistance showing a maturational increase in chloride and bicarbonate permeabilities and decrease in resistance in the PST.
Compared to the distal nephron, the proximal tubule is a low resistance epithelium. In this study we used current injection and cable analysis to determine the relative resistance of the neonatal and adult proximal tubule using methods comparable to those previously described (7, 17, 19) . We found that the resistance of the PST was higher in neonatal The dilution potential measurement of the P HCO3 /P Cl measures the relative permeabilities and not their actual value. The measured chloride permeability in the neonate was slightly negative and it might be questioned how a permeability could be negative. Direct measurement of the P Cl while negative was not different zero in the neonatal PST, which was very different than the high permeability in the adult PST.
We also examined whether there was a maturational change in the relative P Na /P Cl during development. While adult proximal tubules have a greater chloride than sodium permeability, this was not true of neonatal tubules. As speculation, these data suggest that there may be maturational changes in the paracellular pathway that result in greater anion/cation permeability as the tubule matures.
The changes in the permeability properties of the paracellular pathway are likely mediated by a change in the composition of tight junction proteins.
The tight junction creates the primary permeability barrier to diffusion of solutes across the paracellular pathway.
Recently, several protein components of the tight junction have been identified and characterized (2, 8, 21) . Of potential relevance are occludin and claudin proteins, which are localized to junctional fibrils and are the transmembrane component of tight junctions (9) (10) (11) 20, 27, 28) . Both occludin and claudins have 4 transmembrane domains and 2 extracellular loops, which form a seal at the tight junction between neighboring cells (9) (10) (11) 20, 27, 28) . Unlike occludin, there are several claudin isoforms (9, 11, 22, 28) . Different claudin isoforms have been found to have different tissue distributions (22) . It is possible that the permeability changes seen during postnatal maturation are due to developmental changes in the abundance of occludin or claudin or a maturational change in the claudin isoforms that constitute the tight junction strands. As speculation, the higher resistance and lower permeability of chloride ions in neonatal proximal straight tubules compared to adults could be due to a maturational decrease in a claudin with net negative charges on the extracellular loops. Table 1 . Solutions used to measure P Na/ P Cl and P HCO3/ P Cl. 
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